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SUMMARY 
A method f o r  implementat ion of c o n t i n u o u s l y  v a r i a b l e  t i m e  d e l a y  of broadband RF 
The method u s e s  Bragg C e l l  and o p t i c a l  he te rodyne  technology.  s i g n a l s  i s  d e s c r i b e d .  
T h e  s i g n a l  t o  be de layed  i s  a p p l i e d  t o  t h e  Bragg C e l l  a c o u s t i c  t r a n s d u c e r ,  and t h e  
d e l a y  t i m e  i s  t h e  a c o u s t i c  t r a n s i t  t i m e  f rom t h i s  t r a n s d u c e r  t o  t h e  i n c i d e n t  l i g h t  
beam. By t r a n s l a t i n g  t h e  l i g h t  beam, t h e  d e l a y  i s  var ied.  Express ions  d e s c r i b i n g  
the Bragg C e l l  d i f f r a c t i o n ,  l e n s  f o u r i e r  t r a n s f o r m a t i o n ,  and t h e  o p t i c a l  he te rodyne  
p r o c e s s e s  are  developed.  Inc luded  a re  s p e c i f i c a t i o n s  f o r  t h e  v a r i a b l e  d e l a y  i n c l u d -  
i n g  bandwidth,  range  o f  d e l a y ,  and i n s e r t i o n  loss. A p p l i c a t i o n s  i n c l u d e  r a d a r  
s i g n a l  p r o c e s s i n g ,  s p r e a d  spec t rum i n t e r c e p t ,  r a d a r  ECM, and a d a p t i v e  a r r a y  an tenna  
p r o c e s s i n g .  
INTRODUCTION 
Cont inuous ly  v a r i a b l e  t i m e  d e l a y  of broadband RF s i g n a l s  is a v a l u a b l e  s i g n a l  
p r o c e s s i n g  f u n c t i o n .  Methods of  a c h i e v i n g  i t  i n c l u d e :  
o D i g i t a l  - The s i g n a l  i s  d i g i t i z e d ,  s t o r e d ,  and conver ted  back t o  a n a l o g .  
T h i s  method c a n  y i e l d  v e r y  l o n g  o r  i n f i n i t e  d e l a y s ,  b u t  i s  bandwidth l i m i t e d  
depending on the number of A I D  and D / A  c o n v e r t e r s  and t h e i r  speed.  
l e n g t h  of s i g n a l  d e l a y  i s  l i m i t e d  by t h e  amount of a v a i l a b l e  memory. D i g i t a l  
methods a re  c h a r a c t e r i z e d  by l a r g e  s i z e  and power consumption. 
The 
o SAW D i s p e r s i v e  Transducers  and Reflective Array Compressors - I n  one v e r s i o n ,  
t h e  s i g n a l  i s  a p p l i e d  t o  a d i s p e r s i v e  t r a n s d u c e r ,  t h e n  f requency  c o n v e r t e d ,  
and f i n a l l y  a p p l i e d  t o  a n o t h e r  d i s p e r s i v e  element which h a s  e q u a l  b u t  oppo- 
s i t e  s l o p e .  The d e l a y  depends on t h e  LO frequency used f o r  f requency conver- 
s i o n .  Large i n s e r t i o n  loss and d i f f i c u l t y  i n  matching t h e  two d i s p e r s i v e  
s l o p e s  are  problem areas. 
o Magneto-Static Wave Devices  - MSW d e v i c e s  e x h i b i t  a d i s p e r s i v e  t i m e  d e l a y  
character is t ic  which varies w i t h  t h e  a p p l i e d  bias  f i e l d .  S i m i l a r l y ,  as w i t h  
t h e  SAW approach,  two d i s p e r s i v e  e lements  having  equal  b u t  o p p o s i t e  s l o p e s  
are u s e d .  A d e l a y  r a n g e  of  165 t o  180 ns  and a bandwidth of 250 MHz have  
been  r e p o r t e d  (Ref .  1) .  D i f f i c u l t i e s  l i e  i n  matching t h e  two d i s p e r s i v e  
s l o p e s .  
A new method of a c h i e v i n g  broadband v a r i a b l e  d e l a y  which promises  f a i t h f u l  s i g n a l  
r e p r o d u c t i o n ,  medium Bid, and a wide range  of d e l a y  u s e s  a c o u s t o - o p t i c a l  and o p t i c a l  
h e t e r o d y n e  technology.  
means. I n s e r t i o n  loss i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  s q u a r e  of  t h e  laser power. 
The d e l a y  i s  variecl through e l e c t r o n i c ,  n o t  mechanica l ,  
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SYSTEM ARCHITECTURE DESCRIPTION 
F i g u r e  1 i l l u s t r a t e s  t h e  system a r c h i t e c t u r e .  Included is a laser ,  a Bragg C e l l ,  
a beam t r a n s l a t o r  which c a n  i n c l u d e  a n o t h e r  Bragg C e l l ,  a F o u r i e r  Transform l e n s ,  a 
photomixer and some m i r r o r s  and b e a m s p l i t t e r s .  The broadband s i g n a l  t o  b e  de layed  i s  
a p p l i e d  t o  t h e  Bragg C e l l  (Bl) l a u n c h  t r a n s d u c e r .  The r e s u l t i n g  a c o u s t i c  s i g n a l  t h e n  
p r o p a g a t e s  t o  a laser beam, which is i n c i d e n t  a t  t h e  c e l l  c e n t e r  f requency  Bragg 
Angle.  The r e s u l t i n g  d i f f r a c t e d  l i g h t  beams a r e  f requency s h i f t e d  by the a c o u s t i c  
f r e q u e n c i e s .  A beam combiner combines t h e  d i f f r a c t e d  beams and a l o c a l  o s c i l l a t o r  
(LO) beam d e r i v e d  from t h e  same laser. A F o u r i e r  Transform l e n s  t h e n  f o c u s e s  t h e  
combined beam o n t o  a broadband semiconductor  photomixer so  t h a t  o p t i c a l  he te rodyning  
o c c u r s .  The r e s u l t  i s  c o h e r e n t  s i g n a l  r e c o n s t r u c t i o n  f o r  t h o s e  s i g n a l  f requency  
components t h a t  are w i t h i n  the Bragg C e l l  passband and whose d i f f r a c t e d  beams i n t e r -  
a c t e d  w i t h  t h e  LO. The t i m e  d e l a y  i s  e s s e n t i a l l y  t h e  a c o u s t i c  t r a n s i t  t i m e  from t h e  
l a u n c h  t r a n s d u c e r  t o  t h e  i n c i d e n t  l i g h t  beam. Delays r a n g i n p  from s e v e r a l  nano- 
seconds t o  several microseconds are f e a s i b l e .  The t i m e  d e l a y  v a r i a t i o n  r e s u l t s  
from t r a n s l a t i n g  the i n c i d e n t  laser beam a l o n g  t h e  l e n g t h  of t h e  Bragg C e l l  w h i l e  
m a i n t a i n i n g  Bragg a n g l e  i n c i d e n c e .  
b e  accomplished by u s i n g  a n o t h e r  Bragg C e l l  p laced  a t  the f r o n t  f o c a l  p l a n e  of a 
c o l l i m i n a t i n g  l e n s  (F igure  2 ) .  
Non-mechanical e l e c t r o n i c  beam t r a n s l a t i o n  may 
FOURIER TRANSFORM ANALYSIS 
A t  Bragg C e l l  B 1 ,  a f a m i l y  of d i f f r a c t e d  l i g h t  beams i s  g e n e r a t e d  s i n c e  S ( t ) ,  
t h e  s i g n a l  t o  be de layed ,  i s  broadband. These d i f f r a c t e d  beams are f requency  s h i f t e d  
by t h e  r e s p e c t i v e  a c o u s t i c  f r e q u e n c i e s .  The d i r e c t i o n  of f requency  s h i f t  i s  up i f  
t h e  l i g h t  is  i n c i d e n t  on advancing w a v e f r o n t s ,  down o t h e r w i s e .  The d i f f r a c t i o n  a n g l e  
f o r  each  beam i s  n e a r l y  p r o p o r t i o n a l  t o  t h e  RF f requency .  This a n g l e  e q u a l s  
8 B  + A8 ( F i g u r e  3) where 
A 
f B s i n  8B = -- 2va 
and A 
va 
ae = - af 
where 8~ = t h e  Bragg a n g l e  f o r  t h e  Bragg Cell  c e n t e r  f requency  and the i n c i d e n t  a n g l e  
A = t h e  f r e e  space  wavelength 
V a  = t h e  a c o u s t i c  v e l o c i t y  
Af = f - f g  
The a c o u s t i c  s i g n a l  i s  expressed  S ( t  + x l / v a )  exp - [ j Q c ( t  + x l / v a ) ]  where va i s  
t h e  a c o u s t i c  v e l o c i t y  and RC t h e  a n g u l a r  RF c e n t e r  f requency .  The K v e c t o r  momentum 
diagram a p p r o p r i a t e  t o  f i g u r e  3 ( i f  w e  i g n o r e  beamspread a n g l e s )  i s  shown i n  f i g u r e  4 .  
An approximate e x p r e s s i o n  f o r  t h e  ampl i tude  of t h e  d i f f r a c t e d  beam o u t s i d e  of  t h e  A/O 
medium i s  t h e n  
266 
where y relates t o  t h e  ampli tude acousto-opt ic  d i f f r a c t i o n  e f f i c i e n c y  and i s  assumed 
cons t an t  over t h e  s i g n a l  bandwidth, & ( x i ,  y’) i s  t h e  d i f f r a c t e d  o p t i c a l  beam ampli tude 
d i s t r i b u t i o n  i n  t h e  r o t a t e d  XZ coord ina te  system ( f i g u r e  5 ) ,  w i s  t h e  o p t i c a l  angular  
f requency,  and G$ i s  t h e  a c o u s t i c  s i g n a l  phase.  
I n  t h i s  d i scuss ion  Ad i s  assumed Gaussian and i s  expressed 
where a = 2 / D  and D i s  the o p t i c a l  beam diameter .  From f i g u r e  5 w e  have 
, 
x 1  = -Z s i n  8d + X COS Bd (5) 
Y = y  ( 6 )  
, 
where Bd i s  t h e  Bragg d i f f r a c t i o n  a n g l e  o u t s i d e  t h e  medium. From f i g u r e  4 w e  have 
where k and K are the f r e e  space  o p t i c a l  and a c o u s t i c  wavenumbers, r e s p e c t i v e l y .  
The s p a t i a l  FT of ( 3 )  may be  expressed:  
a FT(Ed) = y exp j [ (w - Q c ) t  - exp j k F cos B i  - s exp - a2y2 exp 2 ~ v y  dy 
JF 
X 1  R C X i  
va va 
J s ( t+- )  exp - a2(F  s i n  Bd+ x1  cos 8d)’exp - j --- . 
exp j ( k s i n B i - K ) x l  e x p - j Z n u x l d x l  
where z = -F 
F = t h e  lens  f o c a l  l e n g t h  
u = x2/AF 
v = Y2/AF 
The t ransform along t h e  y axis i s  Gaussian s i n c e  
(9) 2 FT(exp - a2y2)  = 6 exp - (nv/a) 
a 
The t ransform along t h e  x2 o r  frequency a x i s  i s  t h e  key informat ion .  This t r ans -  
form equa l s  t h e  convolut ion of t h e  t ransforms of each x i  dependent f a c t o r .  Reca l l i ng  
t h a t  K = R/va and t h a t  t h e  t ransform of exp j a x i s  a d e l t a  func t ion ,  t h e  f i n a l  
r e s u l t  is  : 
Tiv 2 . 
FT(Ed) = y e x p j [ ( w - R ) t - @ ] e x p j k F c o s B i e x p -  (y) 
a c o s  Bd (10) 
t a n  Bd 
FT C s ( t + + @ e x p j  [21rF cos a d  X 1  
where @ i s  t h e  convolut ion symbol, 
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The f i r s t  p a r t  of (10) i n d i c a t e s  t h a t  a t  t h e  FT or. l e n s  back f o c a l  p l an  e x i s t s  a 
frequency s h i f t e d  (downshifted) l i g h t  d i s t r i b u t i o n .  The next  exponent ia l  t e r m  
r ep resen t s  a cons tan t  phase t e r m  and is  of no consequence. The v dependent t e r m  
i n d i c a t e s  (as  a l r eady  mentioned) t h a t  a long t h e  y2 a x i s  t h e  d i s t r i b u t i o n  i s  Gaussian.  
The l / e  t o t a l  width equals  4XF/nDa Within t h e  bracke t  i s  t h e  convolut ion of two 
d i s t r i b u t i o n s .  The f i r s t  which i s  t h e  FT of S ( t + x l / v a )  w e  ignore  temporar i ly .  The 
l a s t  t e r m  shows t h a t  a long t h e  x2 a x i s  a Gaussian l i g h t  d i s t r i b u t i o n  r e s u l t i n g  from 
t h e  RF cen te r  frequency exis ts .  By 
in fe rence ,  a l l  pure s in suso ids  i n  t h e  s i g n a l  r e s u l t  i n  frequency s h i f t e d  Gaussian 
l i g h t  d i s t r i b u t i o n s  whose cent ro id  l o c a t i o n s  vary  l i n e a r l y  w i t 5  RF frequency.  Thus, 
t h e  x2 a x i s  i s  t h e  so-ca l led  frequency a x i s .  
I ts  cen t ro id  i s  loca ted  a t  the  x2 = AFRC/~TV,. 
A m u l t i p l i c a t i v e  phase t e r m  which v a r i e s  non- l inear ly  w i t h  frequency a l s o  
appears  immediately a f t e r  t h e  convolut ion s i g n .  There w i l l ,  t h e r e f o r e ,  be  some d i s -  
t o r t i o n  of t h e  RF s i g n a l .  Over a 100 MHz bandwidth f o r  a 30 mm f o c a l  l eng th ,  t h e  
phase d i s t o r t i o n  i s  less  than  2n r ad ians  and probably not  s i g n i f i c a n t .  Over a 10 MHz 
bandwidth t h e  d i s t o r t i o n  i s  only about 0 .1  r ad ians .  
A s  f o r  FT {S( t+x l /Va)  }, i f  S ( t )  i s  a slowly vary ing  func t ion  over the- o p t i c a l  
beam diameter D ,  t h e  o v e r a l l  t ransform express ion  and t h e  o v e r a l l  t ransform p r o f i l e  
remain Gaussian ( s i n g l e  frequency t ransform) .  It S i s  r ap id ly  vary ing ,  e . g . ,  pulsed 
RF s i g n a l s  whose du ra t ion  i s  much less than  t h e  a c o u s t i c  t r a v e l  t i m e  through D ,  t h e  
shape of i t s  t ransform w i l l  dominate t h e  o v e r a l l  t ransform expression.  For example, 
i f  t h e  narrow pu l se  i s  r ec t angu la r  (neglec t ing  t ransducer  and o the r  bandwidth l i m i t a -  
t i o n s )  then  t h e  l i g h t  d i s t r i b u t i o n  a t  t h e  FT p lane  w i l l  tend toward a s i n c  dependence. 
I n  t h i s  a n a l y s i s  i t  has  been assumed t h a t  t h e  l e n s  a x i s  b i s e c t s  t h e  i n c i d e n t  
o p t i c a l  beam a t . t h e  Bragg C e l l ,  a s  i n  F igure  3 .  
But f o r  achievement of v a r i a b l e  de l ay ,  t h e  i n c i d e n t  beam i s  t r a n s l a t e d  a long  t h e  x 
axis and i s ,  t h e r e f o r e ,  d i sp laced  from t h e  l e n s  a x i s .  This  r e s u l t s  i n  an e x t r a  
l i n e a r  phase t e r m  i n  (10). The t e r m  equals  exp - ( j  2 s u) where s i s  t h e  t r a n s l a t e d  
d i s t a n c e  from l e n s  a x i s ,  and can be shown t o  equal  exp - (j R t d )  where 
t h e  a c o u s t i c  t r a n s i t  time between where t h e  l i g h t  i n t e r s e c t s  t h e  a c o u s t i c  beam and 
where t h e  l e n s  a x i s  i n t e r s e c t s  t h e  a c o u s t i c  beam. 
This  assumption i s  i m p l i c i t  i n  (8) .  
t d  equals  
SIGNAL RECONSTRUCTION 
The photomixer a t  t h e  l e n s  back f o c a l  p lane  i s  i l lumina ted  by t h e  transformed 
The LO l i g h t  has  no t  been fr'e- d i f f r a c t e d  l i gh - t  and a l o c a l  o s c i l l a t o r  (LO) s p o t .  
quency t r a n s l a t e d  by Bragg C e l l  B 1 .  The LO beam i n t e r s e c t s  t h e  FT l e n s  a t  t h e  s a m e  
l o c a t i o n  a s  t h e  d i f f r a c t e d  beams because of t h e  a c t i o n  of t h e  2 b e a m s p l i t t e r s  and 
2 mi r ro r s .  Also,  a f t e r  r e f l e c t i o n  from t h e  second beamsp l i t t e r ,  t h e  LO i s  approxi- 
mately p a r a l l e l  t o  t h e  d i f f r a c t e d  beams. 
d i f f r a c t e d  and LO l i g h t  propagat ion d i r e c t i o n s  w i l l  be nea r ly  p a r a l l e l .  
p a r a l l e l i s m  i s  necessary f o r  e f f i c i e n t  o p t i c a l  heterodyning.  
This  guarantees  t h a t  a t  t h e  photomixer, t h e  
This  
I n  p a r t i c u l a r ,  i t  can be shown t h a t  t h e  photomixer cu r ren t  i s  p ropor t iona l  t o  
s i n c  (L s i n  a/X) where ci equals  t h e  misalignment a n g l e  between t h e  2 o p t i c a l  beams and 
L equals  t h e  spo t  width.  
0.9O so t h a t  t he  s i n c  func t ion  i s  g r e a t e r  than  o r  equal  t o  0.9.  X = 0.63  microns w a s  
assumed. 
photomixer i s  given i n  Ref.  2 .  
A s  an example, i f  L = 10 microns,  then 0: m u s t  be  less than  
An a n a l y s i s  which f u r t h e r  desc r ibes  t h e  s i g n a l  r econs t ruc t ion  a t  t h e  
268 
I n s e r t i o n  Loss  
The i n s e r t i o n  l o s s  expressed i n  d e c i b e l s  i s  t h e  sum of t h e  g a i n s  (losses) a t  
t h e  a c o u s t i c  t r a n s d u c e r ,  Bragg C e l l ,  photomixer and b e a m s p l i t t e r s .  F i g u r e  6 i l l u s -  
trates t h e  system and i n c l u d e s  some c a l c u l a t e d  and observed i n s e r t i o n  loss d a t a .  The 
b e a m s p l i t t e r  l o s s e s  are  inc luded  i n  t h e  Bragg C e l l  and photomixer i n t e r a c t i o n s .  The 
a c o u s t i c  t r a n s d u c e r  g a i n  i s  assumed t o  e q u a l  -6 dB. 
b e  expressed  as 
The g a i n  of  t h e  Bragg C e l l  can  
where M2 i s  i t s  A I 0  f i g u r e  of m e r i t ,  L/H i s  t h e  r a t i o  of a c o u s t i c  beam w i d t h  t o  
h e i g h t  and PLASER e q u a l s  t h e  laser power. 
The g a i n  of t h e  photomixer can  
G 3  = 
b e  expressed  (Ref .  3 )  as 
where Q = the quantum e f f i c i e n c y  
e = t h e  e l e c t r o n i c  c h a r g e  
h = P l a n c k ' s  c o n s t a n t  
v = t h e  o p t i c a l  f requency  
Req = t h e  e q u i v a l e n t  r e s i s t a n c e  of t h e  photo d e t e c t o r  and o u t p u t  c i r c u i t  
l / m  = t h e  f r a c t i o n  of t h e  a v a i l a b l e  LO power which o v e r l a p s  t h e  d i f f r a c t e d  
l i g h t  
F i g u r e  6 shows t h a t  t h e  i n s e r t i o n  loss varies  i n v e r s e l y  a s  t h e  s q u a r e  of t h e  
laser power. 
System Bandwidth 
The bandwidth,  assuming i t  i s  n o t  l i m i t e d  by t h e  Bragg C e l l ,  i s  de termined  by t h e  
LO d i s t r i b u t i o n  w i d t h  a l o n g  t h e  f requency  a x i s  a t  t h e  photomixer.  F i g u r e  7 i l l u -  
s trates t h i s  c h a r a c t e r i s t i c .  The LO s p o t  wid th  i s  e s s e n t i a l l y  d i f f r a c t i o n  l i m i t e d .  
T h e r e f o r e ,  by narrowing t h e  LO beam b e f o r e  i t  i s  focused b y  t h e  FT l e n s ,  a n  i n c r e a s -  
i n g l y  l a r g e r  s p o t  may b e  o b t a i n e d .  T h i s  arrangement is  n o t  shown i n  F i g u r e  1. 
The bandwidth e q u a l s  t h e  r a t i o  of t h e  l o c a l  o s c i l l a t o r  s p o t  w i d t h  t o  t h e  f r e -  
quency g r a d i e n t  a l o n g  t h e  f requency  a x i s .  For  a non-beamsteered Bragg C e l l  t r a n s -  
d u c e r ,  assuming normal Bragg d i f f r a c t i o n ,  t h i s  g r a d i e n t  i s  expressed  
FA - --af - -  
A f  va 
The l / e  Gauss ian  s p o t  wid th  e q u a l s  4XF/nD where 
beamwidth. T h e r e f o r e ,  t h e  bandwidth i s  expressed  as 
4XF/nD - 4 va BW = FX/va TF D 
(13) 
D e q u a l s  t h e  l o c a l  o s c i l l a t o r  
(14) 
A t y p i c a l  bandwidth i s  8 MHz. Here w e  assumed V a  e q u a l s  4000 m/sec and D e q u a l s  
0 .6  mm. 
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Demonstrated R e s u l t s  and F u r t h e r  Goals  
Demonstrated r e s u l t s  i n c l u d e :  
o 0 .1  t o  0 .5  microsecond v a r i a b l e  d e l a y  
o 5 HHz bandwidth ( c e n t e r  f requency  = 80 MHZ) 
o 70 dB i n s e r t i o n  l o s s .  
The immediate g o a l s  are: 
o r e d u c t i o n  of i n s e r t i o n  l o s s  
o i n c r e a s e  i n  bandwidth 
o achievement o f  l o n g e r  d e l a y s .  
A d e s i r a b l e  l o n g  term g o a l  i s  implementat ion u s i n g ,  n o t  d i s c r e t e  components, 
b u t  i n t e g r a t e d  ones .  The b e n e f i t s  of so doing  are w e l l  known and re la te  t o  a l i g n -  
ment s t a b i l i t y ,  s i z e ,  and l o n g  t e r m  c o s t .  
A p p l i c a t i o n s  
W e  c l o s e  t h i s  paper  by l i s t i n g  some areas where wideband v a r i a b l e  d e l a y  i s  of 
v a l u e .  These areas i n c l u d e :  
o Adapt ive  Array Antenna P r o c e s s i n g  
o Radar Jamming (Range Gate P u l l o f f )  
o Communications - Suppress  M u l t i p a t h  E f f e c t s  
o Spread Spectrum I n t e r c e p t  Receiver - F e a t u r e  D e t e c t i o n  
o P r o c e s s i n g  of Radar S i g n a l s .  
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F i g u r e  1. - A/O cont inuous ly  v a r i a b l e  wideband t i m e  d e l a y .  
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INCIDENT 
LIGHT k - k . , ~  ~ d - w t  
F i g u r e  4.- Bragg d i f f r a c t i o n  momentum r e l a t i o n .  
F i g u r e  5.- Ro ta t ed  XZ c o o r d i n a t e  system. 
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* TOTA L 
PLASER G I  (db) G2(db) G 3 (db)  THEORETICAL 
(WATTS) INSERTION 
LOSS 
.002 -6 - 25 -31 -62 
.020 -6 - I5 -21 -42 
.20 -6 -5 - 1 1  -22 
INSERTION LOSS 3 GI + G2 + G 3  
2 







JC SIGNAL BW = 10MHz 
Figure  6 . -  System i n s e r t i o n  l o s s .  
SIGNAL SPOTS 
PHOTOMIXER SURFACE ’ 
LO SPOT WIDTH 
BANDWIDTH = 
6X2/.f 
Figure  7 . -  System bandwidth dependence. 
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